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Abstract

The array of end organ innervations of the vagus nerve, coupled with increased basic science evidence, has led to

vagus nerve stimulation (VNS) being explored as a management option in a number of clinical disorders, such as

heart failure, migraine and inflammatory bowel disease. Both invasive (surgically implanted) and non-invasive

(transcutaneous) techniques of VNS exist. Transcutaneous VNS (tVNS) delivery systems rely on the cutaneous

distribution of vagal afferents, either at the external ear (auricular branch of the vagus nerve) or at the neck

(cervical branch of the vagus nerve), thus obviating the need for surgical implantation of a VNS delivery device

and facilitating further investigations across a wide range of uses. The concept of electrically stimulating the

auricular branch of the vagus nerve (ABVN), which provides somatosensory innervation to several aspects of the

external ear, is relatively more recent compared with cervical VNS; thus, there is a relative paucity of literature

surrounding its operation and functionality. Despite the increasing body of research exploring the therapeutic

uses of auricular transcutaneous VNS (tVNS), a comprehensive review of the cutaneous, intracranial and central

distribution of ABVN fibres has not been conducted to date. A review of the literature exploring the

neuroanatomical basis of this neuromodulatory therapy is therefore timely. Our review article explores the

neuroanatomy of the ABVN with reference to (1) clinical surveys examining Arnold’s reflex, (2) cadaveric studies,

(3) fMRI studies, (4) electrophysiological studies, (5) acupuncture studies, (6) retrograde tracing studies and (7)

studies measuring changes in autonomic (cardiovascular) parameters in response to auricular tVNS. We also

provide an overview of the fibre composition of the ABVN and the effects of auricular tVNS on the central

nervous system. Cadaveric studies, of which a limited number exist in the literature, would be the ‘gold-standard’

approach to studying the cutaneous map of the ABVN; thus, there is a need for more such studies to be

conducted. Functional magnetic resonance imaging (fMRI) represents a useful surrogate modality for discerning

the auricular sites most likely innervated by the ABVN and the most promising locations for auricular tVNS.

However, given the heterogeneity in the results of such investigations and the various limitations of using fMRI,

the current literature lacks a clear consensus on the auricular sites that are most densely innervated by the ABVN

and whether the brain regions secondarily activated by electrical auricular tVNS depend on specific parameters.

At present, it is reasonable to surmise that the concha and inner tragus are suitable locations for vagal

modulation. Given the therapeutic potential of

auricular tVNS, there remains a need for the

cutaneous map of the ABVN to be further refined and

the effects of various stimulation parameters and

stimulation sites to be determined.
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Background

The autonomic nervous system (ANS) via its sympathetic

and parasympathetic divisions influences the function of

numerous organs, glands and involuntary muscles through-

out the body. A major component of the parasympathetic

nervous system is the vagus nerve, the 10th and longest of

the cranial nerves, which serves an important bidirectional

conduit between the body and brain, largely serving to

maintain homeostasis. Derived from the Latin word mean-

ing ‘wandering’, the vagus nerve courses from the brain-

stem to the proximal two-thirds of the colon, innervating

multiple thoracic and abdominal viscera en route. It is a

mixed nerve composed of 20% efferent fibres and 80%

afferent fibres (Bonaz et al. 2018).

Imbalances in the activity of the constituent parts of the

ANS have been linked with several clinical disorders (Farmer

et al. 2016): heart failure (De Ferrari et al. 2011), inflamma-

tory bowel disease (Ghia et al. 2006) and chronic pain syn-

dromes (Farmer et al. 2014). In general, the reported

imbalance involves relatively higher sympathetic activity

associated with a paucity of parasympathetic activity (Farmer

et al. 2016). In conjunction with deep slow-paced breathing,

tVNS has been proposed as novel non-pharmacological anal-

gesic intervention for pain management (Botha et al. 2014;

Farmer & Aziz, 2015). In healthy subjects, we have previously

demonstrated that central sensitisation can be prevented by

physiological stimulation of the vagus nerve, using deep

slow-paced breathing, in a validated model of oesophageal

pain hypersensitivity (Botha et al. 2015). Therefore, efforts

to therapeutically rebalance this equilibrium with techniques

such as vagus nerve stimulation (VNS), which putatively

increases the activity of the vagus nerve, are of interest

across a range of clinical disciplines.

Both invasive (surgically implanted) and non-invasive

(transcutaneous) techniques of VNS exist. Invasive VNS

(iVNS) involves the surgical implantation of a pro-

grammable pulse generator device in the chest wall and

the placement of electrodes around the left (typically) cervi-

cal vagus nerve. As it currently stands, iVNS has several

potential risks. There are reports of bradycardia and asys-

tole occurring during intraoperative lead testing, as a result

of unintentional direct stimulation of the cardiac branches

of the vagus nerve, occurring in approximately 1 in 1000

implantations (Asconape et al. 1999). In the direct postoper-

ative period, implantation can result in a peri-incisional hae-

matoma, dyspnoea and localised infection around the

wound site (Fahy, 2010). Up to two-thirds of patients suffer

from transient dysphonia and some patients can experience

paraesthesia and pain (Watkins et al. 1995; Malow et al.

2000; Santos, 2003). Further information on iVNS, which is

outside the scope of this article, is available elsewhere

(Farmer et al. 2016).

Novel non-invasive (or transcutaneous) VNS delivery sys-

tems rely on the cutaneous distribution of vagal fibres,

either at the external ear (auricular branch of the vagus

nerve) or at the neck (cervical branch of the vagus nerve),

thus obviating the need for surgical implantation and facili-

tating further investigations across a wide range of uses

(Ben-Menachem et al. 2015). Functional magnetic reso-

nance imaging (fMRI) of the brain has demonstrated that

tVNS can stimulate brain areas consistent with the contem-

poraneously accepted understanding of central vagal pro-

jections (Frangos et al. 2015). Several devices can deliver

tVNS. For example, the NEMOS� (CerboMed, Erlangen,

Germany) stimulates the concha of the outer ear and is CE-

marked (European Conformity) for the European market

for the management of epilepsy. The electrode is connected

to a stimulating box, and the stimulation intensity can be

adjusted by the patient, caregiver or treating physician (in-

creased at steps of 0.1 mA until the perception threshold of

the electrical stimulation is reached; the stimulation fre-

quency is predefined at 25 Hz, the pulse width of 250 µs).

The hand-held stimulator gammaCore (Electrocore LLC,

Basking Ridge, NJ, USA) is used in transcutaneous stimula-

tion of the cervical branch of the vagus nerve and is

approved by the Food and Drug Administration for the

management of episodic cluster headache (Mwamburi

et al. 2017). The device produces a pulsatile waveform (1-ms

pulses comprising 5-Hz sine waves repeated at 25 Hz). The

recommended duration of stimulation is 2 min and can be

administered several times (up to 12 times) a day (Holle-Lee

& Gaul, 2016). Recognised side-effects of tVNS can include

local skin irritation from electrode placement, headache

and nasopharyngitis (Redgrave et al. 2018). A common side-

effect of cervical tVNS is painless, mild facial twitching

(Holle-Lee & Gaul, 2016).

Although Eastern medicine has utilised the analgesic

effects of auricular acupuncture for thousands of years

(Asher et al. 2010; He et al. 2012; Usichenko et al. 2017), the

concept of electrically stimulating the auricle is a more

recent one (Ventureyra, 2000). The feasibility of auricular

tVNS was first demonstrated using recordings of vagus

somato-sensory evoked potentials from the scalp (Fallgatter

et al. 2003) and since then has been proposed as an effec-

tive therapeutic strategy in the management of several clin-

ical disorders including epilepsy (Rong et al. 2014),

depression (Kong et al. 2018), migraine (Straube et al. 2015)

and tinnitus (Hyvarinen et al. 2015). The basis of auricular

tVNS is the cutaneous representation of the auricular

branch of the vagus nerve (ABVN), also termed Arnold’s

nerve, which provides somatosensory innervation to the

external ear. The latter name of the nerve is an eponym for

the German anatomist Friedrich Arnold (1803–1890), who

was the first to document that irritation of the posterior

wall of the external acoustic meatus could induce a cough

reflex in humans (Lekakis, 2003). The ABVN is sometimes

referred to as Alderman’s nerve; a reference to the cen-

turies-old Aldermen of the City of London and their prac-

tice of using rosewater bowls at ceremonial banquets,
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where attendees were encouraged to place a napkin moist-

ened with rosewater behind their ears in the belief that this

would aid digestion (Murray et al. 2016). Studies have

shown that the ear–cough reflex occurs in between 1.7–

4.2% of individuals (Bloustine et al. 1976; Gupta et al. 1986;

Tekdemir et al. 1998). The ABVN is additionally credited as

the afferent pathway to other somewhat unusual somato-

visceral reflexes, including (1) the gastro-auricular phe-

nomenon, (2) the pulmono-auricular phenomenon, (3) the

auriculo-genital reflex and (4) the auriculo-uterine reflex

(Engel, 1979; Gupta et al. 1986).

The ABVN continues to be an area of pathophysiological

interest across a number of clinical disciplines. As research

into the use of auricular tVNS is rapidly growing, a review

exploring the anatomical basis of this neuromodulatory

technique is timely. To date, there has been no review of

the literature investigating the anatomical basis of the

ABVN, with reference to its cutaneous, intracranial and cen-

tral distribution. Our overall aim was to address the afore-

mentioned gap in the literature.

Anatomy of the external ear

The construction of devices for auricular tVNS relies on a

precise knowledge of the anatomy and cutaneous innerva-

tion of the external ear. Fig. 1 outlines a schematic dia-

gram of the external ear and the current consensus on the

cutaneous map of the nerve fibres innervating the lateral

auricle, although this dermatome map should be inter-

preted with caution. Indeed, a precise cutaneous map of

the external ear is not practical for several reasons: (1) the

cutaneous distribution of a particular nerve root can vary

considerably, (2) some nerve fibres cross-communicate with

other nerve fibres along their intracranial course and (3)

the boundaries between particular dermatomes are not

necessarily distinct and often overlap. The challenges of

producing a precise cutaneous map of the auricle and the

inter-study variability in the distribution of ABVN fibres are

explored herein.

Most of the commercially available devices used for auric-

ular tVNS target the concha of the external ear (Bermejo

et al. 2017; Redgrave et al. 2018), whose innervation is com-

plicated by multiple neural communications of partly

somatogenic and branchiogenic origin: the ABVN, the

auriculotemporal nerve – a sensory branch of the posterior

division of the mandibular division of the trigeminal nerve

(Schmalfuss et al. 2002), the facial nerve, the greater auricu-

lar nerve and the lesser occipital nerve. The latter two

nerves are superficial branches of the cervical plexus, con-

tributed by fibres from the C2 and C3 spinal nerves (Gins-

berg & Eicher, 2000).

Evolutionary and embryological development
of the ABVN

The auricle (visible part of the ear that resides outside of

the head) is formed by contributions from the first two pha-

ryngeal (or branchial) arches – the mandibular and hyoid –

whereas the external auditory meatus (which extends from

the deepest part of the concha to the tympanic membrane)

is formed from the first pharyngeal groove. The pharyngeal

arches arise in the 4th week of embryonic development and

act as precursors for head and neck structures. The depres-

sions between the pharyngeal arches are known as

Fig. 1 Diagram of the external ear and its hypothesised cutaneous innervation. Permissions: No permissions required
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pharyngeal grooves and are composed of ectoderm, itself a

precursor to skin. The surface depressions between the pha-

ryngeal arches on the endodermal surface will form the

pharyngeal pouches. The ABVN is the remnant of a more

extensive embryonic nerve which once supplied the first

pharyngeal arch (Gupta et al. 1986) and is thought to be

derived from nerves supplying the lateral line organs (a sys-

tem of sense organs used to detect movement, vibration

and pressure gradient in surrounding water) in aquatic ver-

tebrates, such as fish (Hoagland, 1933; Engel, 1979). A com-

prehensive review exploring the embryologic development

of the external ear is provided elsewhere (Wright, 1997).

Classical studies exploring the cutaneous
distribution of the ABVN

It was Friedrich Arnold who, after discovering the ear–cough

reflex, conducted a dissection which confirmed that the

ABVN served as the afferent pathway of this unusual reflex

(Arnold, 1831). However, it was not until Sherrington (1857–

1952) applied his technique of ‘remaining aesthesia’ that a

more refined sensory map of the ABVN and other cranial

and cervico-brachial nerve roots supplying the outer ear

materialised (Sherrington, 1898). After severing the trigemi-

nus and the highest three cervical nerves in the vertebral

canal of two macaques, Sherrington noted sensitive skin in

‘practically the whole of the concha, the antitragus, part of

the tragus and part of the antihelix; also part of the fossa of

the antihelix’. He concluded with ‘little doubt’ that the sensi-

tive skin was supplied by the un-severed vagus nerve, which

was otherwise impossible to section, as this rendered the ani-

mal lame. Findings ‘extremely like those of Sherrington on

the macaque’ were later reported in a human study con-

ducted by Temple Fay (1895–1963) following a subtotal avul-

sion of the posterior root of the trigeminus (section of the

outer and lower two-thirds of the posterior root) and

intracranial section of the posterior root of the vagus in a

patient with intractable pain in the ear and throat due to a

metastatic tongue carcinoma (Fay, 1927). Fay reported that

sectioning of the trigeminal nerve caused analgesia ‘that was

complete over the tragus, anterior wall of the internal audi-

tory canal [and] over the cheek in the third divisional area’.

Sectioning of the trigeminal nerve followed by the vagus

root caused the cutaneous area of anaesthesia to enlarge

‘from the base of the tragus and anterior wall of the internal

auditory canal to include the posterior wall, the concha and,

to a slight degree for pain only, the antihelix and antitragus’.

Contemporary studies exploring the
cutaneous distribution of the ABVN

Clinical surveys

Several clinical surveys have suggested the external acoustic

meatus (EAM) as a region innervated by the ABVN and

therefore a potential site for auricular tVNS to be effectively

delivered. In one such study (Gupta et al. 1986), 21 of 500

(4.2%) randomly selected outpatients had a clinically posi-

tive Arnold’s ear–cough reflex when the posterior and infe-

rior quadrants of the EAM were palpated, and the reflex

could also be elicited by palpating the anterior quadrant of

the EAM in 10 (2%) patients. Similarly, Tekdemir et al.

(1998) demonstrated Arnold’s ear–cough reflex in 11 of 514

(2.1%) patients after palpating the postero-inferior aspect

of the EAM and one (0.2%) patient after palpating the

antero-inferior aspect of the EAM. Although the frequen-

cies are different, these crude clinical surveys suggest that it

is anatomically possible for the ABVN to be distributed to

the anterior and posterior walls of the EAM, with the poste-

rior wall likely to have a denser innervation of ABVN fibres

compared with the anterior wall.

Cadaveric studies

A list of cadaveric studies that have examined the cuta-

neous and intracranial course of the ABVN is outlined in

Table 1. In an attempt to discern the cutaneous and

intracranial course of the ABVN, Tekdemir et al. (1998)

demonstrated that ABVN fibres innervated the EAM; how-

ever, those authors were unable to determine the precise

sensory map of these fibres, as the terminal branches of the

ABVN were ‘extremely fine’ and may have been destroyed

during dissection. In a Japanese study (Kiyokawa et al.

2014), the nerve distribution around the EAM and the auri-

cle, as well as the intracranial relationships between the

ABVN, facial and glossopharyngeal nerves, were deter-

mined. That study revealed the antero-superior aspect of

the EAM to be innervated by the auriculotemporal nerve,

and the inferior wall by the greater auricular nerve. In com-

parison, the postero-superior wall of the acoustic meatus

was innervated by two types of nerve branches, both of

which originated from the superior ganglion of the

vagus nerve. The outcomes of such cadaveric studies pro-

vide further evidence supporting the suggestion that the

EAM, and particularly its posterior aspect, may be a suitable

location to deliver auricular tVNS.

In addition to the EAM, there is cadaveric evidence that

the inner tragus and skin surrounding the cymba concha

may be innervated by the ABVN. One dissection study – ar-

guably the most cited piece of work in the field of auricular

tVNS – performed on 7 German cadavers (14 ears) systemat-

ically reported the sensory map of the lateral auricle (Peu-

ker & Filler, 2002). Nevertheless, there are several apparent

inconsistencies in this study which limit the interpretability

of its findings (Burger & Verkuil, 2018). Importantly, there

are contradictions between the outcomes described in the

main text and those listed in the manuscript’s table regard-

ing the innervation of the antihelix, the tragus and the cav-

ity of the concha. According to the original table in the

manuscript, Peuker & Filler (2002) report the tragus to be
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innervated by the ABVN in 45% of the exposed auricles.

However, in the main text, the authors state that the tra-

gus is innervated either by the greater auricular nerve (45%

of all exposed auricles) or by the auriculotemporal nerve

(9%), or by both of these nerves (46%). The main text does

not mention that the tragus is innervated by the ABVN, and

this is inconsistent with their table (Burger & Verkuil, 2018).

Contemporary cadaveric studies have detailed the

intracranial course of the ABVN and its inter-neural connec-

tions with the glossopharyngeal, trigeminal and facial

nerves (Tekdemir et al. 1998; Kiyokawa et al. 2014; Watan-

abe et al. 2016). After arising from the superior jugular gan-

glion, the ABVN is soon accompanied by fibres from the

inferior ganglion of the glossopharyngeal nerve. The ABVN

then passes outwards behind the bulb of the internal jugu-

lar vein, and ascends through the mastoid canaliculus on

the lateral surface of the jugular fossa (Proctor, 1989) or

runs in a groove on the inferior aspect of the temporal

bone (Guild, 1953). In the mastoid, it courses over the fal-

lopian canal approximately 4–5 mm above the stylomastoid

Table 1 A summary of cadaveric studies that have assessed the intracranial and/or cutaneous map of the auricular branch of the vagus nerve

(ABVN).

Reference

Number

of cadavers

(sex if available)

Mean age

of cadavers

(range if available)

Number

of ears Summary of salient findings in relation to the ABVN

(Ueno et al.

1993)

2m, 1f 71m (70–72)65f (65) 5 (3m, 2f) • A branch of the vagus nerve, together with a

branch of the facial nerve, supply the posterior

parts of the external acoustic meatus in humans
(Tekdemir et al.

1998)

18m 57 (49–71) 16 • The ABVN was observed in the external acoustic

meatus in all specimens, although it was not

possible to discern its precise cutaneous map

• In its course to the mastoid canaliculus (which

conveys the ABVN from the jugular foramen to the

facial canal), the ABVN ran in a partial bony canal

in 18% of specimens
(Peuker & Filler,

2002)

7 (m and f) N/A (68–84) 14 • There are conflicting results in the table and the

main text, which are explored in this review article
(Kiyokawa et al.

2014)

7m, 4f 79.6 (N/A) 18 • The postero-superior wall of the external acoustic

meatus was innervated by nerve branches that

emerged from the tympano-mastoid fissure in 17/

18 specimens

• Nerve branches that emerged from the tympano-

mastoid fissure always crossed the facial canal and

had more than one communicating branch with

the facial nerve inside the canal (17/17) or in the

petrous bone (1/17). These branches originated

from the superior ganglion of the vagus nerve

• In the origin from the vagus nerve, some of these

branches communicated with the glossopharyngeal

nerve (3/17)
(Watanabe et al.

2016)

3 N/A 6 • In 6/6 specimens, the ABVN and facial nerve were

exposed in the mastoid bone

• The two main branches of the ABVN were

dissected over the chorda tympani nerve and facial

nerve, and the small branch arising from the ABVN

distal segment and connecting with the chorda

tympani was found

Permissions: No permissions are required.

ABVN, Auricular branch of the vagus nerve; f, female; M, male.
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foramen (Tekdemir et al. 1998). There it divides into two

main branches. The first branch provides sensory innerva-

tion to the dura mater of the posterior cranial fossa and has

a connection with the chorda tympani, a branch of the

facial nerve (Watanabe et al. 2016). The second branch

divides into two smaller nerves, one connecting to the pos-

terior auricular nerve – a branch of the facial nerve – and

the second innervating the postero-inferior skin of the

external auditory canal and the adjacent tympanic mem-

brane (Watanabe et al. 2016). The second branch also has

an inferior division connecting to the posterior auricular

branch of the facial nerve after exiting the stylomastoid

foramen (Watanabe et al. 2016). A schematic diagram of

the relationships between the various cranial nerves is given

in Fig. 2. For a detailed description of the relationship

between the facial nerve and ABVN we direct the reader to

the review by Diamond et al. (2010).

To summarise, there is considerable heterogeneity in the

outcomes of cadaveric studies investigating the cutaneous

distribution of the ABVN. Outcomes from cadaveric studies

make it tempting to speculate that the EAM, and in particu-

lar the posterior aspect, is supplied by the ABVN; this would

be reasonable as Arnold’s cough reflex has been consis-

tently evoked in clinical studies by touching the inferopos-

terior wall of the ear canal (Gupta et al. 1986; Tekdemir

et al. 1998). Nevertheless, fMRI evidence (see below) does

not suggest that the posterior wall of the ear canal is a suit-

able site for ABVN stimulation, and these studies generally

accept the inner tragus (Dietrich et al. 2008; Kraus et al.

2013; Yakunina et al. 2017; Badran et al. 2018b) and cymba

concha (Frangos et al. 2015; Yakunina et al. 2017; Wang

et al. 2018) as active sites for vagal modulation, as sup-

ported by the cadaveric study conducted by Peuker & Filler

(2002).

Functional magnetic resonance imaging (fMRI)

Utilising fMRI, it may be possible to compare the brain

structures activated by auricular tVNS with iVNS, making it

a useful surrogate modality for discerning the cutaneous

Fig. 2 A schematic diagram of the approximate relationships between the facial, glossopharyngeal and vagus nerves. The ABVN originates from

the petrous ganglion of the glossopharyngeal nerve and jugular ganglion of the vagus nerve and ascends through the mastoid canaliculus. In the

mastoid, it crosses the fallopian canal 3–4 mm above the stylomastoid foramen and divides into two branches. The first branch of the ABVN has a

connection with the chorda tympani and supplies the sensory part of the posterior cranial fossa dura mater, while the second branch supplies the

posterior skin of the external auditory meatus and adjacent tympanic membrane. The second branch has an inferior division connecting to the pos-

terior auricular branch of the facial nerve after exiting the stylomastoid foramen. ABVN, auricular branch of the vagus nerve; CT, chorda tympani

nerve; FN, facial nerve; TBGN, tympanic branch of the glossopharyngeal nerve. Permissions: No permissions required.
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Table 2 A summary of functional magnetic resonance imaging (fMRI) studies that have investigated the brain regions secondarily activated by

auricular transcutaneous vagal nerve stimulation.

Reference n Subjects

Location of

auricular

stimulation

Location of

sham

stimulation Parameters Key findings

Effect on the

autonomic nervous

system (cardiovascular

parameters) One-line summary

(Kraus

et al.

2007)

22 Healthy

controls

Left external

acoustic meatus

on the inner side

of the tragus

Earlobe 20 ls

8 Hz

30 s On

120 s Off

Tragus vs. Control:

• BOLD-signal ↓ in limbic and

temporal brain areas,

including bilateral amygdala,

parahippocampal gyrus,

precuneus region, middle

temporal gyrus, posterior

cingulate cortex, paracentral

lobe, superior frontal gyrus

and the left hippocampus

• BOLD-signal ↑ in the insula

and precentral gyrus on both

sides and in the right

thalamus (ventral lateral

nucleus) and right anterior

cingulate cortex

• There were no

significant

differences in heart

rate and blood

pressure (before vs.

after auricular tVNS)

in the experimental

vs. control group

(unpublished data)

• Auricular tVNS at

the left external

acoustic meatus on

the inner side of the

tragus shares brain

activation patterns

observed during

invasive vagal nerve

stimulation

(Dietrich

et al.

2008)

4 Healthy

controls

Inner wall of the

left tragus

No

(compared

with

baseline)

250 ls

25 Hz

50 s On

100 s Off

Tragus vs. baseline:

• BOLD-signal ↑ in left locus

coeruleus, thalamus

(left >> right), left prefrontal

cortex, right and left

postcentral gyrus, left

posterior cingulate gyrus and

left insula

• BOLD-signal ↓ in right nucleus

accumbens and right

cerebellar hemisphere

• Not reported • Auricular tVNS at

the inner wall of the

left tragus is

appropriate for

accessing cerebral

vagus nerve

structures

(Kraus

et al.

2013)

16 Healthy

controls

Inner wall of the

left tragus vs.

posterior side of

the left ear canal

Earlobe 20 ls

8 Hz

30 s On

60 s Off

Tragus vs. Control

• BOLD-signal ↑ in the

left insula and in the left

medial frontal gyrus

• Significantly less activation

during anterior stimulation as

compared with sham

stimulation in the

left parahippocampal gyrus.

Furthermore, there was a

tendency toward the same

effect in the left

posterior and the right

thalamus pulvinar, which

both failed to be significant

Posterior side of the left ear

canal vs. sham

• Significantly less activation

during posterior stimulation

vs. sham stimulation in the

left and right superior frontal

gyrus, the right medial

frontal gyrus, and the left

subgenual cingulate

• Tendency toward the same

effect in the left anterior

cingulate and the left uncus

which both failed to be

significant

Anterior side of the left ear

canal vs. posterior side

• In most cortical areas, BOLD-

signal changes were in the

opposite direction when

comparing anterior vs.

posterior stimulation of the

• Not reported • Vagal afferents can

be stimulated at the

outer canal of the

ear, especially if

done at the anterior

side of the external

acoustic meatus

(continued)
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Table 2 (continued)

Reference n Subjects

Location of

auricular

stimulation

Location of

sham

stimulation Parameters Key findings

Effect on the

autonomic nervous

system (cardiovascular

parameters) One-line summary

left auditory canal. The only

exception was in the insular

cortex, where both

stimulation types evoked

positive BOLD-signal changes

Anterior versus posterior

stimulation

• In most brain regions,

stimulation of the anterior

wall leads to higher BOLD-

signal changes vs. posterior

wall

• In the left parahippocampal

gyrus, the left posterior

cingulate and the right

thalamus pulvinar, the effect

was the other way round, i.e.

posterior stimulation evoked

higher BOLD-signal changes

vs. anterior stimulation

Brain stem regions

• In the brain stem areas (locus

coeruleus, solitary tract),

effects were only found when

comparing stimulations of

the anterior wall with sham

stimulation, with a stronger

BOLD signal decrease during

anterior stimulation

(Frangos

et al.

2015)

12 Healthy

controls

L cymba concha Earlobe 250 ls

25 Hz

7 min On

11 min Off

Cymba concha vs. control

• BOLD-signal ↑ ipsilateral

nucleus of the solitary tract,

bilateral spinal trigeminal

nucleus, dorsal raphe, locus

coeruleus, and contralateral

parabrachial area, amygdala,

and nucleus accumbens

• BOLD-signal ↑ paracentral

lobule bilaterally

• BOLD-signal ↓ hippocampus

and hypothalamus

• No significant effect

on heart rate

(unpublished data)

• The cymba concha is

a biologically active

site for auricular

tVNS

(Yakunina

et al.

2017)

37 Healthy

controls

The left inner

tragus, left

inferoposterior

wall of the ear

canal, left cymba

concha

Earlobe 500 ls

25 Hz

6 min On

90 s Off

• Stimulation of the

inferoposterior wall of the

ear canal produced the

weakest activation of the

nucleus of solitary tract and

locus coeruleus

• Stimulation of the inner

tragus and cymba concha

activated nucleus of solitary

tract and locus coeruleus as

compared to sham

• Only stimulation of the

cymba concha produced a

significantly stronger

activation in the nucleus of

solitary tract and locus

coeruleus vs. sham

stimulation

• No subjects

experienced

bradycardia (heart

rate < 60 bpm) or

abnormal cardiac

behavior during the

auricular tVNS

course

• Both the cymba

concha and inner

tragus are active

vagal sites, however,

the cymba concha is

the more

biologically active

site

(Badran

et al.

2018b)

17 Healthy

controls

Left tragus Earlobe 500 ls

25 Hz

60 s On

60 s Off

Tragus vs. control

• BOLD-signal ↑ right caudate,

bilateral anterior cingulate,

cerebellum, left prefrontal

• Results published in

a separate article

(Badran et al. 2017)

• The inner tragus is

an active vagal

stimulation site

(continued)
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map of the ABVN. A summary of fMRI studies that have

been conducted to date and the auricular sites reported to

engage the classical vagal centres is given in Table 2. fMRI

studies of iVNS (Bohning et al. 2001; Lomarev et al. 2002;

Narayanan et al. 2002; Liu et al. 2003; Nahas et al. 2007)

and auricular tVNS (see Table 2) have reported activity

within the same afferent vagal projection sites. The cell

bodies of (human) afferent vagal nerve fibres are housed in

the inferior vagal ganglion, thence projecting centrally to

the brainstem where their processes terminate primarily in

the nucleus of the solitary tract (Berthoud & Neuhuber,

2000; Knowles & Aziz, 2009).

The nucleus of the solitary tract receives approximately

95% of projections from the vagus nerve (Magdaleno-

Madrigal et al. 2002; Lulic et al. 2009) and in turn projects

to several other forebrain, limbic and brainstem sites,

including the spinal trigeminal nucleus, parabrachial area,

dorsal raphe, periaqueductal gray, thalamus, amygdala,

insula, nucleus accumbens, bed nucleus of the stria termi-

nalis, and hypothalamus (Sawchenko, 1983; Ruggiero et al.

2000; Knowles & Aziz, 2009). Importantly, the nucleus of

the solitary tract projects to the locus coeruleus, the major

noradrenergic brain structure in the brain that is thought

to mediate several of the therapeutic effects underlying

VNS (Fornai et al. 2011; Yakunina et al. 2017). Both the

nucleus of the solitary tract and locus coeruleus are the

assumed key targets of auricular tVNS (Keute et al. 2018b)

and activation of these brainstem structures can be consid-

ered (indirect) proof of vagal activity.

The outcomes of fMRI studies presented in Table 2

demonstrate considerable heterogeneity in the brain

regions secondarily activated by auricular tVNS, which may

be a result of differences in sex distribution, frequencies of

stimulation and locations of outer-ear stimulation: the inner

wall of the tragus (Kraus et al. 2007; Dietrich et al. 2008;

Kraus et al. 2013; Yakunina et al. 2017; Badran et al. 2018b),

the posterior aspect of the ear canal (Kraus et al. 2013) and

the cymba concha (Frangos et al. 2015; Yakunina et al.

2017; Wang et al. 2018). Indeed, there is evidence that dif-

ferent sites on the external ear can activate vagal centres to

different degrees (Yakunina et al. 2017). In one study

(Yakunina et al. 2017), stimulation at the posterior aspect

of the ear canal failed sufficiently to activate the locus coer-

uleus and nucleus of the solitary tract, which indicates that

the vagal pathway was not sufficiently activated at this

location. On the other hand, the same study showed that

stimulation at the inner wall of the tragus and cymba con-

cha successfully activated the vagal afferent pathway, with

the greatest activation seen at the cymba concha, suggest-

ing that this is the most promising site for auricular tVNS

(Yakunina et al. 2017). In another study (Kraus et al. 2013),

a head-to-head assessment of BOLD-signal changes sec-

ondary to tVNS at the anterior vs. posterior wall of the audi-

tory canal, revealed BOLD-signal decreases in the locus

coeruleus and nucleus of the solitary tract following stimu-

lation at the anterior wall of the auditory canal, whereas

stimulation at the posterior wall resulted in non-specific

changes of the BOLD-signal within the solitary tract. The

fMRI findings that the posterior wall of the ear canal is an

unlikely site of ABVN innervation is interesting, as Arnold’s

cough reflex has consistently been evoked in clinical surveys

following physical stimulation at the inferoposterior wall of

the ear canal (Gupta et al. 1986; Tekdemir et al. 1998). It is

therefore likely that the cutaneous distribution of the ABVN

exhibits significant heterogeneity, which is supported by

the findings from dissection studies (see section on Cadav-

eric studies).

The nucleus of the solitary tract is indirectly and directly

connected to a network of brain regions, including the

amygdala and nucleus accumbens, which are postulated to

influence the pathogenesis of depression (Mayberg, 1997;

Mayberg et al. 1999; Dagyte et al. 2011). Thus, there may

be a basis for the use of tVNS in managing depressive symp-

toms (Liu et al. 2016). fMRI can be used to investigate the

Table 2 (continued)

Reference n Subjects

Location of

auricular

stimulation

Location of

sham

stimulation Parameters Key findings

Effect on the

autonomic nervous

system (cardiovascular

parameters) One-line summary

cortex, and mid-cingulate

gyrus

with a different

group of healthy

participants (n = 15)

• Auricular tVNS

resulted in a 1.1

beats per minute

mean reduction in

heart rate (P < 0.05)

The number of subjects, location of stimulation, site of sham stimulation, parameters of stimulation and pertinent findings are listed

for each study.

Permissions: No permissions are required.
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relationship between changes in resting-state functional

connectivity (rsFC) secondary to tVNS. rsFC measures the

temporal dependency of neuronal activation patterns

between anatomically separated brain regions during rest

(Biswal et al. 1995), which allows a study of the functional

correlation of one brain region with other brain regions in

terms of networks (Fang et al. 2016). Studies on patients

with depression have demonstrated aberrant rsFC between

the amygdala – the brain region implicated in emotional

processing, fear and motivation – and regions in the frontal

cortex, and that this is related to overall depression severity

(Tang et al. 2013; Cullen et al. 2014; Pannekoek et al. 2014).

In one study (n = 49, patients with mild/moderate depres-

sion), tVNS applied at the auricular concha area of both ears

simultaneously (30 min, carried out twice a day, at least

5 days per week, for a 4-week duration) compared with

sham stimulation (superior scapha) resulted in increased

rsFC between the right amygdala and left dorsolateral pre-

frontal cortex (Liu et al. 2016).

The ‘gold-standard’ sham stimulation site in fMRI

studies

A sham stimulation site – the ear lobe in the majority of

published reports – ensures that the pattern of brain

changes observed by fMRI are not caused by the conscious

perception of touch, pressure, vibration or pain that may

accompany auricular tVNS. A gold-standard sham location

should meet the following two (non-exhaustive) criteria: (1)

the site should not be innervated by ABVN fibres and (2)

both the tVNS and sham operations should be clinically

indistinguishable to the patient.

The earlobe has been widely used as a sham as it is

thought to be relatively free of vagal afferents (Peuker &

Filler, 2002; Yakunina et al. 2017) and innervated by the

greater auricular nerve – a branch of the superficial cervical

plexus. However, stimulation of the earlobe is not physio-

logically inert and has been shown to produce similar fMRI

patterns to ABVN stimulation. In one tVNS study, several

regions of the limbic system were deactivated by both sham

stimulation (applied at the earlobe) and tVNS (applied at

the inner surface of the tragus, inferoposterior wall of the

external acoustic meatus and cymba concha): namely, the

hippocampus, the posterior cingulate gyrus, parahippocam-

pal gyrus and amygdala (Yakunina et al. 2017). Low-inten-

sity stimulation of the earlobe can be used as part of cranial

electrotherapy stimulation, an FDA-approved therapeutic

strategy for the management of insomnia, depression and

anxiety (Feusner et al. 2012). fMRI analyses of the neuro-

physiological changes induced by cranial electrotherapy

stimulation have revealed negative BOLD changes in several

brain regions, including the precuneus, posterior cingulate

gyrus, precentral and postcentral gyri, and occipital cortex

(Feusner et al. 2012). Several of these brain regions have

also been affected in the published tVNS fMRI studies (see

Table 2).

Limitations and future potential of fMRI

fMRI is a useful surrogate modality for determining the sites

most likely innervated by the ABVN, granted that its use

has several limitations. First, it is impossible to demonstrate

conclusively that the observed fMRI patterns are a direct

cause of stimulation of the ABVN, as definitive proof would

require direct nerve recordings and systematic cadaveric

studies. Secondly, researchers should appreciate that stimu-

lation of the earlobe is not physiologically inert and can

produce very similar fMRI patterns to ABVN stimulation,

although there is no substantial published evidence to date

that the locus coeruleus and nucleus of the solitary tract

(central vagal relay centres) are activated by electrical stimu-

lation of the earlobe (Frangos et al. 2015; Yakunina et al.

2017). Therefore, there remains a need to research the

‘gold-standard’ sham site to ensure that accurate conclu-

sions can be drawn from the effects found. Thirdly, the

challenges of employing fMRI are compounded by swallow-

ing artefacts, subject motion, heart rate and breathing,

which can make it challenging to image small brainstem

structures, such as the locus coeruleus, measuring (approxi-

mately) 1 mmat the widest in the axial plane (Keren et al.

2009). Therefore, researchers using fMRI in auricular tVNS

studies should remember to use advanced fMRI techniques

that can permit a closer study of these small brainstem

regions. Lastly, fMRI studies have employed a range of stim-

ulation techniques with heterogeneous parameters (e.g.

frequency, on–off cycle and current intensity), stimulation

durations and control sites. Therefore, a clear consensus on

the precise auricular sites that allow access to the vagus

nerve and whether the brain regions that are secondarily

activated depend on specific parameters has yet to be

determined.

There is a paucity of high-quality head-to-head fMRI trials

of tVNS applied at the three most likely sites of ABVN inner-

vation: tragus vs. posterior aspect of the ear canal vs. cymba

concha. Such investigations would help to discern the

region most densely innervated by the ABVN and the most

promising sites for tVNS. It would be worthwhile if future

head-to-head fMRI studies also studied peripheral biomark-

ers, such as autonomic variables (e.g. heart rate and blood

pressure) and behavioural changes, as these are some of

the variables through which tVNS can exert its therapeutic

benefits in clinical practice. Hitherto, functional connectivity

studies conducted on patients with mild/moderate depres-

sion have identified the cymba concha as a suitable location

to modulate brain connectivity, although there is still insuf-

ficient evidence that this is due to vagal activity, and future

studies may want to consider electrical stimulation at other

auricular sites.
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Interestingly, no fMRI study to date has described an ear–

cough reflex following electrical auricular tVNS, which high-

lights the rarity of this phenomenon. There is some evi-

dence that the ear–cough reflex is associated with

hypersensitivity of vagal nerve afferents (sensory neuropa-

thy of the vagus nerve), which may be responsible for idio-

pathic or refractory cough (Ryan et al. 2014). Therefore,

since fMRI studies have used healthy participants, it is unli-

kely that the ear–cough phenomenon would be observed

at a rate similar to the estimated population prevalence of

1.7–4.2% (Bloustine et al. 1976; Gupta et al. 1986; Tekdemir

et al. 1998).

Retrograde tracing studies

fMRI studies have demonstrated activation of the nucleus

of the solitary tract and locus coeruleus (the central vagal

relay centres that are assumed to be the key targets of

auricular tVNS), following electrical auricular tVNS at speci-

fic auricular points. However, this pattern of fMRI changes

may not necessarily be truly unique to vagus activation, and

it is possible that these effects are mediated by the two

other nerves supplying the external ear, namely, the greater

auricular and auriculotemporal nerves. Retrograde tracing

studies (necessarily conducted in animal models) can help

to clarify the central terminations of the ABVN, greater

auricular and auriculotemporal temporal nerve afferent

fibres.

Central projections of the greater auricular nerve in ani-

mals have been examined only in rabbit (n = 18) by means

of transganglionic transport of horseradish peroxidase

(HRP) (Liu & Hu, 1988). HRP applied to the cut central end

of the greater auricular nerve was detected ipsilaterally in

the dorsal root ganglion cells (C2–C3) and the superior cer-

vical ganglion cells. The transganglionically labelled fibres

were also noted in the dorsal column of the upper four seg-

ments of the spinal cord and were strongly stained in lami-

nae I–V at the C2 level. The afferent greater auricular nerve

projections also had intense staining in the cranial nerve

nuclei in the medulla, accounting for caudal subnuclei of

the spinal trigeminal nerve, the solitary nucleus, and also

medial and lateral cuneate nuclei (Liu & Hu, 1988).

Studies on central termination of the auriculotemporal

have been conducted in rodent models (Jacquin et al. 1982;

Takemura et al. 1987). HRP-labelled primary afferent fibres

of the auriculotemporal nerve were confined to the ipsilat-

eral brainstem. The nerve terminals projected to the caudal

medulla; specifically staining the dorsolateral border of the

mandibular division of the trigeminal principal nucleus,

cuneate nucleus and also paratrigeminal nucleus (Pa5).

Fig. 3 A schematic diagram of external auricle afferent projections to the brainstem and upper cervical spinal cord. (A) In the brainstem, the

greater auricular nerve (green) projects into the trigeminal tract, cuneate nucleus and a little in the nucleus of the solitary tract. The auriculotempo-

ral nerve (red) terminates in the trigeminal tract, caudal trigeminal nucleus and cuneate nucleus. The ABVN (blue) is projected into the nucleus of

the solitary tract, cuneate nucleus, and caudal trigeminal nucleus. (B) Projection of the greater auricular nerve into upper cervical cord has wide

coverage from laminae I to laminae V, and smaller coverage by the auriculotemporal nerve concentrated in the laminae III–IV. The ABVN afferents

terminate in the laminae I-IV. The level central nervous axis was omitted for clarity. Permissions: We wish to thank Prof. Jim Deuchars (University

of Leeds) and Dr Mohd Kaisan Bin Mahadi for providing this figure. No formal permissions required.
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Travelling further caudally until the 3rd cervical level, a ter-

mination of the auriculotemporal nerve was also found in

the dorsolateral spinal dorsal horn complex at laminae I–V,

but most intensely in III–IV (Takemura et al. 1987).

Retrograde tracing studies conducted on afferent projec-

tions from the external ear demonstrate some degree of

overlap in the central nervous system (Fig. 3). All of the

auricular nerve tracing studies (greater auricular nerve,

auriculotemporal nerve and ABVN) ipsilaterally labelled

laminae III and IV of the dorsal horn (Nomura & Mizuno,

1983; Takemura et al. 1987; Liu & Hu, 1988). Interestingly,

this was not the case when vagal tracing was performed

directly from the vagal trunk. A summary of the auricular

vagal nerve studies and the cervical vagal studies is pre-

sented in Table 3.

Vagus somato-sensory evoked potentials (VSEPs)

The feasibility of auricular tVNS was first demonstrated

using recordings of scalp potentials induced from stimula-

tion of the inner tragus which were thought to originate

from vagal nuclei, hence the term ‘vagus somato-sensory

evoked potentials’ (VSEPs) (Fallgatter et al. 2003). Provided

the reported signals arise from vagal nuclei, they may be

used to compare the scalp-recorded VSEPs of auricular tVNS

with iVNS, providing (in theory) a surrogate method for

determining the cutaneous map of the ABVN. Table 4 outli-

nes the result of electrophysiological studies that have

investigated scalp potentials following auricular tVNS.

Researchers have consistently demonstrated three repro-

ducible peaks (P1, N1 and P2) from C4–F4 recordings after

stimulation of various regions around the tragus. This pat-

tern of peaks has also been shown with left cervical iVNS

(Usami et al. 2013).

Usami et al. (2013) recorded short-latency component

VSEPs during left cervical iVNS of 25 patients with drug-re-

sistant epilepsy and found the response to consist of four

peaks (P1, N1, P2 and N2) at the scalp level. The early com-

plexes P1–N1 of responses to direct stimulation of the vagus

nerve did not disappear after the administration of a neuro-

muscular blocking agent (which would preclude myogenic

scalp potentials). However, the later complex P2–N2 disap-

peared after the administration of a neuromuscular block-

ing agent, and thus this is a muscular component.

Leutzow et al. (2013) conducted a study investigating the

artefact-free (using neuromuscular blocking agents) VSEPs

elicited by auricular tVNS to the inner side of the tragus of

the auricle. The scalp responses to the auricular stimulation

were recorded before and after induction of general anaes-

thetic in 14 patients, during non-depolarising muscle relax-

ing agent, cis-atracurium (C-AR) and after recovery from C-

AR under anaesthesia. Typical response curves with P1, N1

and P2 peaks were reported in all patients before and after

general anaesthesia induction, which disappeared during

the neuromuscular block. The authors postulated that the

scalp responses reported in previous VSEP studies were a

Table 3 A comparison between neuronal tracing studies of the nerves supplying the lateral auricle (the ABVN, the greater auricular nerve and the

auriculotemporal nerve) and the cervical vagal trunk.

Study Reference

Location of

injection Tracer Species

NTS

Vagal

Trigeminal Cervical

AP CuL D Comm M D I V DVN Pa5 SP5n SP5 C1 C2 C3

Non-isolated ABVN (Chien et al.

1996)

Middle and

caudal auricle

Horseradish

peroxidase

Dogs + + + + + + + + +

(He et al.

2013)

Auricular concha Cholera

toxin B

Rats + + + + +

Isolated ABVN (Nomura &

Mizuno,

1984)

ABVN Horseradish

peroxidase

Cats + + + + + + + + + +

Vagal nerve (Kalia &

Sullivan,

1982)

Cervical vagal

trunk

Horseradish

peroxidase

Rats + + + + + + + + + + +

(Nomura &

Mizuno,

1983)

Cervical vagal

trunk

Horseradish

peroxidase

Cats + + + + + + + + + +

Isolated greater

auricular nerve

(Liu &

Hu, 1988)

Greater auricular

nerve root

Horseradish

peroxidase

Rabbit + + + + + + +

Isolated

auriculotemporal

nerve

(Takemura

et al. 1987)

Auriculotemporal

nerve branch

Horseradish

peroxidase

Rats + + + + + + +

Permissions: We wish to thank Professor Jim Deuchars (University of Leeds) and Dr Mohd Kaisan Bin Mahadi for providing this table.

No formal permissions required.

L, Lateral; DL, dorsolateral; Comm, commissural; M, medial; D, dorsal; I, intermediate; V, ventral; DVN, dorsal vagal nucleus; Pa5, para-

trigeminal nucleus; SP5n, spinal trigeminal nucleus; SP5, spinal trigeminal tract; AP, area postrema; Cu, cuneate nucleus.
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Table 4 A summary of electrophysiological studies that have investigated vagus somatosensory evoked potentials (VSEPs) – a measure of the

activity of vagus brain stem nuclei – secondary to auricular tVNS.

Reference n Subjects

Location of

auricular

stimulation

Location of sham

stimulation Parameters Findings

(Fallgatter

et al.

2003)

5 Healthy subjects Inner side of the

tragus at the

outer ventral

edge of the

external

acoustic meatus

In a single subject

only: lobulus

auriculae, the

scapha, the crus

antihelicissuperior

and the top of

the helix

8 mA • Three reproducible peaks (P1, N1, and

P2) from C4-F4

• These evoked potentials were not

identified at the lobulus auriculae,

the scapha, the crus antihelices

superior and the top of the helix

(Fallgatter

et al.

2005)

65 22 young healthy

participants vs.

43 healthy

elderly

participants

Inner side of the

tragus at the

outer ventral

edge of the

internal

auditory meatus

None Stimulus intensity was

8 mA. Stimuli were

electrical square impulses

of 0.1-ms duration. The

interstimulus interval was

2 s

• In 20/22 young participants, three

identifiable peaks (P1, N1, and P2)

from C4–F4 were observed with

identical location, shape, latencies

and amplitudes as previously

described (Fallgatter et al. 2003)

• Latencies of all evoked potential

components (N1, P1 and N2) were

significantly longer in the elderly as

compared to the younger

participants, while the amplitudes

showed less clear-cut differences

between groups

(Polak

et al.

2007)

10 Patients

diagnosed with

Alzheimer’s

disease (7/10)

and mild

cognitive

impairment

(3/10)

Inner side of the

tragus at the

outer ventral

edge of

the external

acoustic meatus

None Stimulus intensity was

8 mA, the sequence of

stimuli was randomised.

Stimuli were electrical

square impulses of

0.1 msec duration. The

interstimulus interval was

2 s

• In 10/10 patients, VSEP with

identifiable peaks P1, N1, and P2

were observed

• Differences in VSEP amplitudes

between Alzheimer’s disease patients

vs. patients with mild cognitive

impairment did not reach statistical

significance

(Polak

et al.

2009)

20 Young healthy

participants

Inner side of the

tragus at the

outer ventral

edge of the

internal

auditory meatus

None Stimuli were electrical

square impulses of 0.1-ms

duration with

interstimulus interval of

2 s and stimulus intensity

of 5, 8, and 10 mA in

randomized sequence

• VSEP with unambiguously identifiable

peaks P1, N1, and P2. Amplitudes and

latencies were well in range with

previous studies (Fallgatter et al.

2003, 2005; Polak et al. 2007)

i VSEP amplitudes as well as

stimulus perception increased with

increasing stimulation intensity

ii No difference in the VSEP

amplitudes was observed

between genders

(Leutzow

et al.

2013)

14 Patient scheduled

for elective

extracranial

surgery under

total

intravenous

anaesthesia.

Patients

required

administration

of a muscle-

relaxing agent

Inner side of the

right tragus and

to the concha

of the auricle

None Electrical square impulses

with 0.1 ms with a

frequency of 0.5 Hz and

an intensity of 8 mA

• Typical response curves with P1, N1

and P2 peaks could be reproduced in

all patients before and after

induction of anaesthesia.

• The response curves disappeared

during the administration of the

neuromuscular blocking agent (cis-

atracurium) and re-appeared after

recovery from cis-atracurium under

total intravenous anaesthesia.

• The disappearance of the scalp

responses to electrical tragus

stimulation under the neuromuscular

block suggests a muscular origin of

these potentials

(continued)
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result of the activation of trigeminal or facial nerves, given

the partially overlapping innervation of the auricle. The

authors suggested a possible role for the occipitofrontal

muscle (innervated by branches of the facial nerve) and the

parietotemporal muscle (innervated by the trigeminal

nerve) for the myogenic scalp potentials.

Despite the weighty evidence against the study of scalp

potentials originating from vagal nuclei (VSEPs), there is lit-

tle denying that VSEP studies have made important contri-

butions to the tVNS field. A review ignoring such studies

would be both incomplete, given it was a study of VSEPs

that initially provided researchers with the impetus to

explore this landscape (Fallgatter et al. 2003). Nevertheless,

all available evidence seems to suggest that any recorded

evoked potentials after auricular tVNS may be a result of

facial or trigeminal nerve stimulation, and not stimulation

of the vagus. Therefore, at present, there is no reason to

refer to these signals as VSEPs, as the vagus likely has little

to do with them. The VSEP field ought to remain an active

research frontier. Indeed, postmortem studies have demon-

strated that vagal nuclei are selectively vulnerable to the

early pathophysiological processes of Alzheimer’s (Parvizi

et al. 2001) and Parkinson’s diseases (Braak et al. 2003; Riet-

dijk et al. 2017), thus a method to assess the function of

vagal nuclei, potentially by employing tVNS, may be used

to detect these neurodegenerative processes in their primi-

tive stages and permit earlier therapeutic interventions

(Hagen et al. 2015).

Acupuncture studies

Eastern medicine has utilised the analgesic effects of auricu-

lar acupuncture for thousands of years (Asher et al. 2010;

He et al. 2012; Usichenko et al. 2017) and numerous human

studies have shown that vagal tone can be elicited by auric-

ular acupuncture (He et al. 2012). Usichenko et al. (2017)

extracted data concerning the auricular acupuncture points,

used for the treatment of patients with acute and chronic

pain in randomised controlled trials, from a previously

published meta-analysis (Asher et al. 2010). The three most

frequently used auricular acupuncture points were: ‘Shen-

men’ (TF4) (12/17 studies), located at the apex of the trian-

gular fossa of the auricle, ‘Lung’ (CO14) (7/17 studies),

located at the cavum concha, and thalamus (5/17 studies),

located close to the antitragus (see Fig. 4). All 17 RCTs inves-

tigating the therapeutic effect of auricular acupuncture tar-

geted the ABVN either exclusively or in a region of shared

Table 4 (continued)

Reference n Subjects

Location of

auricular

stimulation

Location of sham

stimulation Parameters Findings

(Nonis

et al.

2017)

12 Healthy

volunteers

Medial region of

the tragus close

to the entry of

the acoustic

meatus

None Mean stimulationintensity

8 mA. 50 stimulations

delivered at a frequency

of 2 Hz and a pulse

duration of 500 ms

Stimulation evoked two reproducible

peaks (P1, N1) in nine of 12 subjects

The number of subjects, location of stimulation, site of sham stimulation, parameters of stimulation and pertinent findings are listed

for each study.

Permissions: No permissions are required.

Fig. 4 Auricular acupoints. Permissions: No permissions required.
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innervation by the ABVN and greater auricular nerve, as

previously reported by Peuker & Filler (2002), and that

group therefore concluded that the analgesic effects of

auricular acupuncture were mediated by stimulation of the

ABVN.

Moreover, studies have examined the association

between auricular acupoint ‘Heart’ (CO15), located in the

cavum concha, and cardiovascular regulation (He et al.

2012). In 14 healthy volunteers, a significant decrease in

heart rate and increase in heart rate variability has been

observed after manual ear acupressure at auricular acupoint

CO15, which is located in the cavum concha (Gao et al.

2012). Moreover, a study by Huang & Liang (1992) of auric-

ular acupuncture at auricular acupoint CO15 in a group of

30 vascular hypertensive patients revealed a marked imme-

diate short-term and long-term depressor effect and

marked effects on angiotensin II in grade III hypertension.

Interestingly, the same study reported that acupuncture at

auricular acupoint ‘Stomach’ (located at the crus helix) pro-

duced no depressor effect on vascular hypertension, which

fits with the cutaneous map of the ABVN described by Peu-

ker & Filler (2002), in which the crus helix was innervated in

20% of cases by the ABVN (according to the table) and 0%

(according to the manuscript). An acupuncture study

(n = 12) reported that a single needle insertion in the left

inferior hemi-concha of the ear resulted in a statistically sig-

nificant increase in the high frequency component (an indi-

rect measure of parasympathetic outflow) of heart rate

variability both during and post-stimulation compared with

pre-stimulation (Haker et al. 2000) without affecting the

heart rate. A more complete analysis of heart rate variabil-

ity is described later in this review article.

Autonomic nervous system – the cardiovascular

system

Sympathoexcitation is a key feature of many cardiovascular

diseases, such as heart failure, hypertension and obstructive

sleep apnoea (Charkoudian & Rabbitts, 2009; Malpas, 2010).

Device-based autonomic modulation by simultaneously

decreasing sympathetic and increasing parasympathetic

nervous system activity has been hypothesised to improve

outcomes and quality for patients with a broad range of

cardiovascular diseases (Schwartz et al. 2015). Table 5 outli-

nes the human and animal studies that have investigated

the effects of auricular tVNS applied at different locations

of the auricle on various cardiovascular parameters.

Some studies noted in Table 5 refer to the autonomic

variables heart rate variability (HRV), high frequency (HF)

and low frequency (LF) components. HRV refers to the

beat-to-beat alterations in heart rate (determined from the

R-R intervals of an ECG), and several lines of evidence sug-

gest that HRV is a marker, albeit non-specific, of autonomic

tone (De Couck et al. 2017). Power spectral analysis of the

R-R intervals produces two components which are

hypothesised to reflect sympathetic activity (HF component)

and parasympathetic/vagus nerve activity (LF component)

(Malfatto et al. 2001; Chapleau & Sabharwal, 2011).

Several studies have reported that electrical stimulation

of the inner tragus, most probably due to ABVN stimula-

tion, which is hypothesised to activate parasympathetic

afferents, can modulate heart rate and HRV (Clancy et al.

2014; Badran et al. 2018c). Badran et al. (2018c) showed

that (only) two parameters (500 µs 10 Hz and 500 µs 25 Hz)

significantly decreased heart rate during active stimulation

of the inner wall of the tragus compared with sham stimu-

lation at the earlobe. Clancy et al. (2014) investigated the

effects of auricular tVNS (applied to the inner and outer

aspects of the tragus) on cardiovascular autonomic function

in 48 healthy participants. The group found that auricular

tVNS (200-ls pulses at 30 Hz, 10–50 mA, slightly below the

level at which subjects could feel the electrical stimulus) sig-

nificantly decreased the LF : HF ratio of HRV, indicative of a

(potential) increase in parasympathetic activity. Micro-

graphic recordings revealed a significant decrease in fre-

quency and incidence of muscle sympathetic nerve activity,

hence stimulation of the tragus significantly reduced the

incidence of firing of single sympathetic fibres. Interest-

ingly, although the group showed a decrease in the LF : HF

ratio during auricular tVNS, they did not report a statisti-

cally significant increase in the HF component (an indirect

measure of parasympathetic outflow) or a statistically sig-

nificant decrease in the LF component (an indirect measure

of sympathetic outflow) of HRV. A study investigating the

short (10 min) and prolonged (1 h) effects of auricular tVNS

(right vs. left tragus) on HRV in healthy subjects (n = 60)

showed no consistent changes in HRV, greater effects on

HRV using left auricular tVNS or more consistent changes in

women compared with men (De Couck et al. 2017).

Studies investigating the therapeutic potential of tVNS in

sympathetic nervous system-driven disorders, such as pain

and angina, have failed to demonstrate any effect of elec-

trical auricular tVNS on cardiovascular parameters. In one

study, auricular tVNS (supplied at the exhalation phase of

respiration) in female patients (n = 15) with chronic pelvic

pain reported no statistically significant change in heart

rate or any HRV indices (HF, LF and LF : HF ratios) (Napadow

et al. 2012). Busch et al. (2013) reported that auricular tVNS

applied at the left inner tragus reduced the sensitivity of

mechanically evoked pain and had an inhibitory effect on

the temporal summation of noxious tonic heat in healthy

volunteers. However, with regard to autonomic variables,

the researchers did not show any a statistically significant

change in heart rate (other HRV indices were not mea-

sured). Another study investigating the effects of electrical

auricular tVNS (located on the internal surfaces of the auri-

cle) in male patients (n = 48) with angina demonstrated

that auricular tVNS did not cause any statistically significant

changes in the LF : HF ratio (Popov et al. 2013). However,

the patients had a significantly reduced number of
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Table 5 The effect of auricular tVNS on various cardiovascular parameters.

Reference Subjects n Sampling group

Location of auricular

stimulation Control group Parameters Findings

Animal studies

Yu et al.

(2013)

Dogs 16 AF Right tragus N/A 20 Hz, 1-ms square

wavesLLTS was defined as

a voltage of stimulation

setting at 80% below the

threshold that slowed the

sinus rate or AV

conduction (threshold

mean: 9.8 � 2.6 V)

• RAP caused a significant decrease in the

effective refractory period, increase in the

window of vulnerability (a measure of AF

inducibility), and increase in neural

activity (measured in the anterior right

ganglionated plexus located in the

atrium) vs. baseline

• RAP + LLTS caused a linear return of the

effective refractory period, window of

vulnerability and neural activity toward

baseline levels

• Bivagal transection prevented the reversal

of the effective refractory period and

window of vulnerability

Wang et al.

(2014)

Dogs 30 MI Bilateral tragus

stimulation

Sham surgery

without tragus

stimulation

20 Hz, 1 ms square

wavesLLTS was defined as

a voltage of stimulation

setting at 80% below the

threshold that slowed the

sinus rate. Actual

electrical stimulation

value 16–24 V (range)

• LLTS significantly reduced left atrium and

left ventricle dilatation, improved left

ventricle contractile and diastolic function

and reduced infarct size vs. MI group

without LLTS

• LLTS significantly alleviated cardiac

fibrosis and reduced protein expression

level of collagen I, III, transforming

growth factor b1, and matrix

metallopeptidase 9 in LV tissues vs. MI

group without LLTS

• LLTS significantly reduced the plasma

level of high-specific C-reactive protein,

norepinephrine and N-terminal pro-B-

type-natriuretic peptide vs. MI group

without LLTS

Chen et al.

(2015a)

Dogs 15 AF Right tragus Sham surgery for

RAP and no tragus

stimulation

20 Hz, 1-ms square

wavesLLTS was defined as

a voltage of stimulation

setting at 80% below the

threshold that slowed the

sinus rate (mean

threshold value/ actual

electrical stimulation

range unreported)

• LLTS significantly shortened AF duration

and prolonged AF cycle length vs. RAP

group without LLTS

• RAP reduced the level of atrial Cx40 and

Cx43 expression, which was prevented by

low level tragal stimulation. Cx40 and

Cx43 are two connexons which form gap

junctions (which permit the intercellular

exchange of ions) between myocardial

cells

Chen et al.

(2015b)

Dogs 32 AF Left tragus Sham surgery for

RAP and no tragus

stimulation

20 Hz, 1 ms square

wavesLLTS was defined as

a voltage of stimulation

setting at 80% below the

threshold that slowed the

sinus rate (mean

threshold value/ actual

electrical stimulation

range unreported)

• LLTS significantly shortened AF duration

and prolonged AF cycle length

• RAP reduced the level of atrial Cx40 and

Cx43 expression, which was prevented by

low level tragal stimulation

Zhou et al.

(2016)

Dogs 16 Tachycardia Right tragus Sham surgery

without

stimulation

20 Hz, 2-millisecond pulse

widthLLTS was defined as

a voltage of stimulation

setting at 80% below the

threshold that slowed the

sinus rate (mean

threshold value/ actual

electrical stimulation

range unreported)

• LLTS significantly attenuated the

sympathetically induced sinus node

acceleration in response to right stellate

ganglion stimulation vs. baseline

• LLTS did not result in significant changes

in blood pressure, heart rate, QT interval,

QTC interval or HF component vs. baseline

• LLTS resulted in a significant reduction in

the LF component and LF/HF ratio vs.

baseline

• LLTS decreased the expression of c-fos,

nerve growth factor and increased the

expression of the potassium ion channel

SK2 at both the mRNA and protein level

in the right stellate ganglion vs. control

group

(continued)
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Table 5 (continued)

Reference Subjects n Sampling group

Location of auricular

stimulation Control group Parameters Findings

Human studies

Zamotrinsky

et al. (1997)

Humans 20 Preoperative

coronary artery

disease patients

Bilateral cymba

concha

Patients with a

similar degree of

coronary artery

disease not treated

with auricular tVNS

0.2–1.5 mA, 1.5 ms, 3 Hz • Patients treated with auricular tVNS did

not develop angina at rest or after

moderate physical load, and their

dependence on vasodilators decreased

considerably vs. baseline

• Atrial tissue from patients treated with

auricular tVNS had reduced HSP 70i and

reduced ATP vs. control group

Zamotrinsky

et al. (2001)

Humans 38 Preoperative

coronary artery

disease patients

Bilateral cymba

concha

Untreated patients

with coronary

artery disease

0.2–1.5 mA, 1.5 ms, 3 Hz Relative to baseline, patients treated with

auricular tVNS had:

• A significantly decreased heart rate,

systolic blood pressure, QRS- and QT-

interval periods

• A significantly increased left ventricular

ejection fraction and improved diastolic

filling

• A significantly reduced dependency on

glycerol trinitrate tablets

• Patients treated with tVNS had a

significantly reduced number of

noradrenergic nerves in the atrial tissues

vs. control group

Popov et al.

(2013)

Humans 48 Coronary artery

disease patients

Bilateral cymba

concha

Untreated patients

with coronary

artery disease

0.05–0.15 mA Relative to baseline, patients treated with

auricular tVNS had:

• Alleviation of angina symptoms

• Significantly reduced LF/HF index and

frequency of ventricular extrasystoles

Clancy et al.

(2014)

Humans 48 Healthy Right tragus Healthy patients

who did not

undergo auricular

tVNS

200 ms, 30 Hz Relative to baseline, patients treated with

auricular tVNS had:

• No significant change in the LF and HF

components of HRV

• A significant reduction in the LF/HF ratio

• A significant increase in HRV

• Microneurographic recordings revealed a

significant decrease in frequency and

incidence of muscle sympathetic nerve

activity during tVNS

Stavrakis

et al. (2015)

Humans 40 Paroxysmal atrial

fibrillation

Right tragus Patients with atrial

fibrillation who did

not undergo

auricular tVNS

1 ms, 20 Hz Relative to baseline, experimental group

participants:

• Had a significantly decreased duration of

pacing-induced atrial fibrillation

• Had a significantly increased atrial

fibrillation cycle length

• Significantly reduced levels of systemic

(femoral vein) but not coronary sinus TNF-

a and CRP levels

De Couck

et al. (2017)

Humans 60 Healthy Right or left concha Patients not treated

with auricular tVNS

0.7 mA, 250 ls, 25 Hz • Relative to baseline, experimental group

participants had no consistent changes in

HRV as a result of acute (10 min) or

prolonged (1 h) auricular tVNS.

• Compared with left auricular tVNS, right

auricular tVNS had more effects on HRV

and these changes could be found more

consistently in women than in men

Permissions: No permissions are required.

AF, Atrial fibrillation; AV, atrioventricular; HF, high frequency component of heart rate variability; LF, low frequency; LLTS, low level

electrical transcutaneous tragal stimulation; RAP, rapid atrial pacing.
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ventricular extrasystoles (at both time points) compared

with baseline.

Several observations could explain the inconsistent effects

of auricular tVNS on HRV parameters. Different groups have

used different stimulation sites, e.g. the concha (De Couck

et al. 2014) and tragus (Clancy et al. 2014), and studies have

also employed different stimulation parameters, which

could activate vagal afferents to different degrees. More-

over, auricular tVNS operates via a complex indirect system

of brain regions and nuclei (see section on fMRI studies),

hence the effects of auricular tVNS on HRV may be minimal

(De Couck et al. 2017). The complex nature of LF power, its

poor relationship to sympathetic nerve activation, and the

non-linear interactions between sympathetic and parasym-

pathetic activity that are confounded by the mechanical

effects of respiration and heart rate mean that the LF: HF

sympatho-vagal balance hypothesis is inaccurate (Billman,

2013; Shaffer & Ginsberg, 2017). Therefore, it is challenging

to determine the cutaneous map of the ABVN using the

current evidence base investigating the autonomic effects

of auricular tVNS.

Hitherto, it has been unclear whether the autonomic

effects of auricular tVNS are the result of the activation of

the hypothesised afferent central targets of the vagus sys-

tem (ear? brain? vagus nerve? organ) or whether there

is direct activation of the efferent vagal projections from

the ear to body organs (ear ? vagus ? heart) (Murray

et al. 2016; Fig. 5). Afferent ABVN fibres are thought to

modulate neuronal activity in the nucleus of the solitary

tract, dorsal vagal nucleus, nucleus ambiguous, caudal ven-

trolateral medulla and rostroventral medulla (Fig. 6). An

investigation of the role of afferent and efferent vagal

fibres in mediating the therapeutic effect of tVNS would

benefit from in vivo microelectrode recording of nerve dis-

sections in animal models, or in animal models where the

ABVN is lesioned.

ABVN fibre composition

Thick afferent Ab axons have been consistently shown to

mediate the therapeutic effects of cervical iVNS (Evans et al.

2004). Group C nerve fibres (C-fibres) are not thought to be

involved in mediating the physiological effects of VNS. In a

study investigating the therapeutic effect of iVNS in stimu-

lation-induced seizures in rats, capsaicin-induced destruc-

tion of peripheral C-fibre populations did not alter the

Fig. 5 Two possible mechanisms for parasympathetic activation via the auricular branch of the vagus nerve (ABVN). The blue arrows represent the

activation of vagal afferents and stimulation of the main vagal bundle via the central nervous system. The red arrow represents the direct activa-

tion of vagal efferents and stimulation of the main vagal bundle. Permissions: No permissions required.

© 2019 Anatomical Society

Auricular vagus nerve stimulation, M. F. Butt et al. 605



therapeutic mechanism of iVNS for seizure suppression in

rats (Krahl et al. 2001). To our knowledge, only one study

to date has determined the number of myelinated axons in

the human ABVN (Safi et al. 2016). In that study, researchers

investigated the numbers and caliber of myelinated axons

in 18 segments of the ABVN (9 left, 9 right) in 16 German

cadavers. The human ABVN was shown to contain thick

myelinated axons ≥ 7 mm belonging to the Ab class, which

were reportedly five to six times less numerous than those

found in the cervical vagus nerve. The study (Safi et al.

2016) revealed that the number of Ab myelinated axons

represent, on average, about one-fifth of the total myeli-

nated axon count and can vary widely between individuals,

which may help to explain why auricular tVNS may not be

effective in some patients, or indeed why the ear–cough

reflex is elicited in so few people (Gupta et al. 1986; Tekde-

mir et al. 1998) and has not been reported in any of the

fMRI studies published to date. These seminal findings may

represent the anatomical basis for the clinical effectiveness

of auricular tVNS.

Effects of auricular tVNS on the central
nervous system (CNS)

The therapeutic mechanism of auricular tVNS and iVNS is

thought to be mediated by concentration shifts of the

neurotransmitters noradrenaline, c-aminobutyric acid

(GABA) and acetylcholine (ACh) in the CNS (Van Leusden

et al. 2015), which induce neuroplastic changes in the cere-

bral cortex. The majority of studies investigating the thera-

peutic mechanisms underlying VNS have studied the locus

coeruleus: the major noradrenergic brain structure (Krahl

et al. 1998; Van Bockstaele et al. 1999; Groves et al. 2005;

Fornai et al. 2011). The first study (Capone et al. 2015) to

assess the GABA-mediated mechanism of tVNS employed

transcranial magnetic stimulation and demonstrated signifi-

cantly reduced cortical excitability in 10 healthy participants

following 1 h of tVNS at the inner side of the left tragus

(relative to sham stimulation at the left ear lobe) as mea-

sured by increased short-interval intra-cortical inhibition

(SICI). SICI is a transmagnetic stimulation protocol which is a

surrogate marker of GABAA activity within the motor cor-

tex, and an increase in SICI suggests increased GABA neuro-

transmitter concentration (Stagg et al. 2011). Recently,

Keute et al. (2018a) demonstrated, using 16 healthy young

human volunteers, that auricular tVNS applied to the cymba

concha of the left ear induced a GABAergic neuromodula-

tion during automatic inhibition, as measured by the beha-

vioural marker negative compatibility effect (NCE), which is

robustly negatively correlated to GABA concentration (Boy

et al. 2010). Interestingly, the group reported that auricular

tVNS produced an increased NCE, in contradiction to the

Fig. 6 A schematic diagram of one of the hypothesised pathways through which stimulation of the auricular branch of the vagus nerve

(ABVN) can influence the cardiovascular system Stimulation of the ABVN increases input to the nucleus of the solitary tract (NTS) in the medulla

and influences the activity of NTS neurones projecting to the cardioinhibitory vagal efferent neurones of the dorsal vagal nucleus (DVN) and

nucleus ambiguous (NA). These vagal efferent neurones propagate the vagal tone to the sinoatrial node (SA). Stimulation of the ABVN may also

excite NTS neurons, sending excitatory projections to the caudal ventrolateral medulla (CVLM). The CVLM inhibits the rostroventrolateral medulla

(RVLM), which is the primary source of excitatory drive to sympathetic preganglionic neurons in the intermediolateral cell column (IML) of the

spinal cord. This inhibition would decrease sympathetic activity. Permissions: No permissions required.
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decrease in NCE that they had hypothesised. The group pos-

tulated that GABA activity may not have increased globally

by auricular tVNS but was rather differentially modified in

different brain regions, as has been previously reported

(Greenhouse et al. 2016).

Conclusion

Our review article has explored the neuroanatomy of the

ABVN with reference to (1) clinical surveys examining

Arnold’s reflex, (2) cadaveric studies, (3) fMRI studies, (4)

electrophysiological studies, (5) acupuncture studies, (6) ret-

rograde tracing studies and (7) studies measuring changes

in autonomic (cardiovascular) parameters in response to

auricular tVNS. We have also provided an overview of the

composition of the ABVN and the effects of auricular tVNS

on the central nervous system. Cadaveric studies, of which a

limited number exist in the literature, would be the ‘gold-s-

tandard’ approach to studying the cutaneous map of the

ABVN and thus there is a need for more such studies to be

conducted by individuals with advanced training in

microdissection of the head and neck, as the ABVN diameter

is only of 1 µm resolution. Teams should also consider age,

ethnicity, trauma and prior health history in their selection

of cadavers (Badran et al. 2018a). fMRI may (in theory) offer

a useful surrogate modality for determining the auricular

locations that best activate central vagal centres (when com-

pared with the fMRI patterns observed with invasive vagal

nerve stimulation), accepting that its use has several limita-

tions. Importantly, fMRI studies cannot discern whether the

observed fMRI patterns are a direct result of activation of

the ABVN as opposed to the greater auricular and auricu-

lotemporal nerves. Importantly, stimulation of the ear-

lobe – an auricular site innervated by the greater auricular

nerve and a popular auricular location for sham electrical

stimulation in fMRI studies – is not physiologically inert and

there is therefore a need to explore alternative sham stimu-

lation sites. A clear consensus on the auricular sites that are

most densely innervated by the ABVN and whether the

brain regions secondarily activated by electrical auricular

tVNS depend on specific parameters has yet to be achieved.

At present, the outcomes of fMRI studies published to date

make it reasonable to surmise that the concha and inner tra-

gus are suitable locations for vagal modulation. Given the

therapeutic potential of auricular tVNS (Rong et al. 2014;

Hyvarinen et al. 2015; Straube et al. 2015; Kong et al. 2018),

there remains a need for the cutaneous map of the ABVN to

be further refined and the effects of various stimulation

parameters and stimulation sites to be determined.
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